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Abstract—RSSI based localization methods for wireless capsule 

endoscopy (WCE) application requires a patient to wear on-body 

sensors detecting the RF signals from the capsule. The main 

advantage of WCE is to allow the patient to live normally and to 

move freely during the natural transit time, which could take up 

to 73 hours. Changes in posture can be accompanied by the 

movement of soft tissues in the abdominal region. This will affect 

the propagation path length between on-body receiving sensors 

and the ingested wireless capsule, and consequently the received 

signal strength (RSS). This paper explores potential variations in 

RSSI measurements created by postural change. Retro-reflective 

markers placed in direct contact with the skin of a participant 

were used to represent appropriate locations of the on-body slot 

antennas, which could be used for WCE localization. Optical 

motion capture technology was used to determine an estimate of 

the location of the markers and corresponding skin position for 

different postures. The relative displacement of the markers from 

their initial location (the standing posture) was a maximum of 

24 mm for the lying posture (supine position) for the participant 

with BMI of 29 kg/m2. The maximum variation of the surface 

electric field of 13.77 dB was calculated using the attenuation path 

loss (PL) model for the human abdominal region propagation 

environment at 2.45 GHz. If not anticipated, posture induced 

variations in RSSI can produce misleading interpretations, and 

will require adjustments of WCE localization algorithms.  

Index Terms — wearable sensors, motion capture, soft tissue 

artefacts , waist girth, propagation path change, RSSI error 

I. INTRODUCTION

onfidence in the received results and accuracy of the

measurements are crucial when it comes to medical 

equipment. They influence decisions taken by medical 

practitioners, and an incorrect interpretation reduces the 

effectiveness of the treatment and can even lead to detrimental 

outcomes. 
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Modern technological advances allow the development of 

medical devices that aim to provide personalized, comfortable 

and timely diagnostics. To achieve this, medical devices must 

be portable, not require immobilization of the patient and 

collect verifiable data during normal daily activities. For 

instance, wearable sensors are used for monitoring various 

physiological parameters and further, medical practitioners can 

interpret the obtained results remotely (electrocardiography 

(EEG), electroencephalography (ECG), heart rate and oxygen 

monitoring, endoscopy, etc.). However, when using systems 

that give patients the freedom of movement, measurements are 

less controlled and change in body posture and overall motility 
can lead to the corresponding measurement errors. 

Appropriate channel models are of utmost importance for 

designing reliable and efficient system for medical applications, 

and the influence of body movement on the measurements is 

one of the factors that needs to be included. For instance, one 

of the emerging fields of intra-body communication exploits the 

human body as a transmission channel, allowing the sensors 

located on-body or in close proximity to communicate 

wirelessly. In this case, the signal can be transmitted through 

the body or through the air depending on the distance between 

the sensors and the operating frequency. Current research in this 
field reports that changes in body posture can influence the 

received signal levels and this effect is more prominent for 

higher frequencies when propagation is through the body [1]. 

The position of the on-body sensors can change due to the 

posture of a patient (e.g. lifting an arm), this in turn influences 

the distance between the communicating nodes and thus needs 

to be considered when designing an efficient intra-body 

communication channel [2-3].  

For in-body to on-body communication channels, the 

position of the sensors due to posture change not only affects 

the performance of the system, but can also produce significant 

artefacts creating misleading results for applications based on 
field strength and time-of-flight analysis. In-body 

communications includes a natural signal source (e.g. the heart) 

or an implantable transmitter with receiving sensors placed on 

the skin of the patient (glucose and bladder pressure 

monitoring, cardiac functions monitoring, wireless endoscopy, 

etc). For these types of systems, it is assumed that on-body 

receivers only record the data from the embedded sensor. 
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Hence, the position of the sensors should be stable and not 

affect the obtained measurements.  

The most commonly used health monitoring surface sensors 

are gelled metal electrodes, such as ECG sensors. These sensors 

are prone to artefacts due to the stretching of the skin [4-6]. 
Motion artefacts and methods for their reduction are studied in 

terms of electrocardiographic interpretations and false reading 

prevention. Variations in the appearance of the P, QRS, and T 

time waveforms are evaluated and special design configurations 

such as signal adaptive filtering, and more recently advanced 

signal processing algorithms are used to detect and eliminate 

false signals. [7-9]. These parameters change with skin 

properties, such as skin potential reduction. On the other hand, 

there are cases where the displacement of the sensor itself can 

lead to measurement errors. For instance, in human movement 

analysis where skin markers are used for tracking the joint or 

skeletal motion. The research shows that skin deformations 
attributed to soft tissues artefacts create discrepancies with the 

actual bone structures movement [10-12]. For in-body to on-

body communication channels, such displacement of the soft 

tissues means the signal propagation distance changes. This can 

reduce the corresponding signal path loss estimation reliability. 

Wireless capsule endoscopy (WCE) is a recently developed 

technique for the gastro-intestinal (GI) diagnostics by 

implantation of a miniaturized capsule (the pill) that propagates 

through the entire GI tract of the patient while recording the 

video of the lining. At present, the receiving technology 

involves ECG- type sensors placed on the skin to collect and 
record video data transmitted from the capsule [13].  The 

current technology does not provide localization of the pill, 

which complicates the interpretation of the video results and 

reduces opportunities for further targeted treatment. Solutions 

based on various physical principles are studied in order to 

develop an efficient localization technique. Radio signal 

strength indicator (RSSI) localization methods are of great 

interest as they are based on analysis of the same RF signals 

that are used for data transmission and do not require any design 

modifications [14]. Receiving antennas are placed on the skin 

of the patient in the abdominal region. Different wearable on-

body antennas designs are currently being investigated by 
several research groups. In our research, we use a small slot 

antenna of 2.45 GHz (ISM Band) (Fig. 1). The antenna design 

and characteristics were previously published and verified in 

[15] demonstrating that almost all energy radiates through the

slot of the antenna inwards with minimal interference from 

objects holding the back of the antenna (front-to back isolation 

higher -15 dB). The in-vivo validation of antenna performance 

demonstrated consistent results when tested on human skin of 

several participants with various anthropometric 

parameters [16]. The paper concluded that the field strength 
measurement error was less than 2 dB for all positions and all 

participants. 

Received signal strength values can serve to predict the 

distance to the ingested capsule from the receiving antenna with 

known coordinates. In order to estimate the spatial (3D) 

location of the ingested capsule inside the human abdomen 

region, signals recorded by several receiving antennas are used 

in conjunction with triangulation and trilateration methods as 

well as optimization techniques.  

It is crucial to have a reliable propagation model that gives 

an exact correspondence between the signal path loss and the 

distance from the capsule to each of the measurement points. 
Within this model, the positions of the receivers are fixed and 

any change in the RSSI is caused by the capsule passage inside 

the GI tract. The main contribution to the path loss is the radio 

attenuation in the soft tissues of the abdominal region of the 

patient. An unpredicted displacement of the soft tissues could 

potentially lead to the path length variation that does not reflect 

the capsule movement, but rather the change of the propagation 

model parameters and receiving on-body sensors displacement. 

This can be considered as artefacts or noise, as in that case the 

obtained RSSI values will no longer correspond to the 

measurement points that were included in the initial model. 
Several studies on WCE localization using magnetic 

tracking, discuss the importance of the position of the receivers 

[17-18]. For methods based on magnetic fields analysis, the 

noise is created by geomagnetism and magnetic disturbance in 

the environment. In [18] SNR analysis is performed for each 

sensor measurement position to define the threshold and adjust 

the priority of measurements to those within the threshold by 

assigning them special weights. The paper provides guidance 

for WCE magnetic tracking systems design considering the 

presence of noise. 

This paper presents the first attempt to investigate the surface 

electric field strength variations caused by postural change that 
should be accounted for when designing RSSI based 

localization systems for WCE applications. In order to represent 

normal daily activity of the patient various body postures are 

tested by using motion capture technology. The results provide 

a quantitative analysis of soft tissue displacement in the 

abdominal region, and the corresponding variation of RSSI 

values. Evaluation of the skin displacement for each on-body 

receiver position can serve as an estimate of their individual 

reliability and further be incorporated within the capsule 

location retrieving algorithm for the participant of this trial. For 

general guidelines on the distribution of the receivers for RSSI 
based localization systems accuracy improvement, a larger 

group of participants are to be studied in future work.  

II. ABDOMINAL TISSUES DISPLACEMENT MEASUREMENTS

Keith [19] first established the displacement of the organs in 

the abdominal region due to body posture change in pathology 

research in 1898. Since then, this phenomenon was investigated 

by various research groups using different approaches 

Fig. 1. The slot antenna with the frequency of 2.45 GHz. The dimensions of 

the aluminium box: 11 mm  33 mm  33 mm, the dimension of the brass: 5 

mm  21.50 mm. 
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depending on the applications. 

In the engineering field, the research is aimed at development 

of advanced numerical body models, which include inner 

organs and their morphology. Improvement of such models is 

beneficial mainly for ergonomics and injury prevention when 

designing safe transport vehicles. As commonly used, body 

models are based on the imaging data gained from patients in 

the supine position, the available computational human body 

models do not reflect the deformation and movement of the 

organs and soft tissues in other postures. Modelling using 

morphing techniques with corresponding post-mortem 

surrogate’s response to the posture change is one of the 

common approaches being implemented for these purposes 

[20-22]. However, due to the primary application of these 

models, the body posture change to a seated or driving posture 

has only been considered. The results are commonly 

represented as the comparison between predicted organ 

deformations due to loading and the real deformations in the 

surrogates.  

Research involving the comparison of the data gained from 

medical imaging of the living patients allows creating more 

accurate models. Positional magnetic resonance imaging 

(MRI), computed tomography (CT), and ultrasound imaging 

are being used to obtain images of inner structures for these 

purposes [23-25]. However, similarly to post-mortem surrogate 

studies, only two posture positions, seated and the supine were 

considered as well as only specific organs such as spleen, 

kidneys and liver deformations. This is due to the organs under 

the rib cage being most vulnerable during vehicle collision. 

Biomedical engineering literature shows the development of 

abdominal soft tissue models for broader applications, which 

include comparison of various body postures as well as the 

movement of the entire abdominal cavity organs.   

Lafon et al. [26] performed a broad study using the results of 

positional MRI to create a model showing deformations of the 

organs and soft tissues in the trunk region. The displacement of 

the organs was estimated by using a segmentation modelling 

approach and validation was performed using the MRI data of 

one subject. In order to evaluate the displacement of the 

abdominal cavity (which corresponds to the gut location), the 

center of gravity position along S1 to T1 spinous processes and 

along the posterior-anterior axis was estimated, representing 

horizontal and vertical planes. It was found that the biggest 

displacements were 4 mm and 20 mm correspondingly to each 

plane due to the posture change. The object shape in that region 

was defined as the distance from the L4 spinous process to the 

anterior skin surface, and was estimated to be larger in the 

seated and the forward-flexed postures than in other postures 

(163 mm to 183 mm vs. 100 mm to 132 mm).  

Medical research is mainly focused on assessing the 

displacement of the organs and soft tissues in the abdominal 

region due to the respiratory movement. This is explained by 

the most common medical application of these results, such as 

targeted treatment (e.g. radiotherapy), or assisted surgery. In 

most cases, the patient is completely or partly immobilized and 

the body posture does not change significantly during a 

procedure, although breathing can cause artefacts in 

corresponding imaging results [27-29]. 

It is known that the rib cage and diaphragm displacement 

reflects equal displacement of the abdominal wall and contents 

[30-31]. This correlation between the respiratory movement of 

the diaphragm and the organs and soft tissues is used to create 

advanced numerical models. The displacement of the 

diaphragm can be measured visually or by using optical 

tracking methods. For example, mesh surface reconstruction 

using structured light is used for these purposes by gathering 

the point cloud data of the whole surface [32-34]. 

Using preoperative CT scans and 3D reconstruction by 

means of structured light, a simulation of the abdominal organs 

motion during quiet breathing was reported [35]. Positional data 

of the optical markers along the whole torso surface enabled 

skin position estimation, and 2D cross-sections in the anterior-

posterior direction were used to estimate the displacement of 

the skin. The important assumption used in this work was that 

the position of the patient`s skin due to breathing is necessary 

to predict the movement of the organs. 

The work presented in our paper focuses on evaluating the 

reliability of engineering solutions for practical biomedical 

applications. We suggest evaluating the skin displacement due 

to the body posture changes as an indicator of the corresponding 

soft tissues movement in the abdominal cavity. The skin 

position for several body postures is considered at the points on 

the torso surface where wearable receiving RF antennas can be 

placed for wireless endoscopy purposes. 

The skin position change can be determined in three 

dimensions using motion capture technology. Motion capture 

technologies find wide practical application in biomedical 

engineering. It is commonly used to create robust systems to 

track human skeletal motion for athlete performance 

assessment, neurological disease treatment and monitoring, 

physiotherapy and assisted targeted medical treatment [37-41]. 

For our purposes, however it is of interest to use a motion 

capture system as a tool to gain data for the analysis of the skin 

position and soft tissue movement, which has not been fully 

reported previously. Most papers published in this area are 

focused on the implementation of the results in sports and high-

performance wear design and wearable textile health 

monitoring systems [42-45]. Hence, the analysis was made for 

the flexing joints of the body, and no assessment of abdominal 

region soft tissues was included.  

More recently, motion capture instruments have been 

introduced to determine the position of the on -body antennas 

with higher accuracy for a moving person [46-49]. However, in 

wireless communications, positioning of the antennas on the 

body commonly is investigated in terms of its performance for 

on-body communication channels [50-51]. The displacement of 

the antennas due to body movement and skin deformation has 

not been investigated. 

We focus on the abdomen region anthropometric parameters 

change during body movement by analysing motion capture 

results. 3D positioning measurements for the reference markers 

attached to the torso skin of a participant provide representation 

of the receiving slot antennas locations used in WCE 

localization. A comparison of these positioning data for various 
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body postures allowed the calculation of the displacement of 

each of the antennas position due to the movement of the 

abdominal soft tissues, and visualize the corresponding waist 

girth for each postural case.  

III. METHODOLOGY

A. Measurement Setup

Experiments were performed at the motion capture studio at

the School of Engineering and Built Environment, Griffith 

University, Queensland, Australia. The trials were conducted in 

accordance with Griffith University's ethics research committee 

(Ethics approval number GU Ref No: 2018/601). A 69 year old 

male participant with the BMI of 29 kg/m2 (see Table 1). This 

can be considered as overweight, hence more representative in 

terms of soft tissues movement in the abdominal area. 

TABLE I 

ANTHROPOMETRIC PARAMETERS OF THE PARTICIPANT 

Height, 

cm 

Body 

mass, kg 

BMI, 

kg/m2 

Girth, cm 

179 93 29 
Chest Waist Hips 

100 103 101 

Four different body postures were tested, representing 

normal movements of patients as part of their daily living 

activities during the WCE capsule transit time. Assessment of 

the soft tissues and organ displacement for these postures is 

required to evaluate any significant changes in the radio 

propagation path for applications when the receiving on-body 

antennas are located on the torso, and a transmitting antenna is 

ingested in the GI tract. This was achieved through comparison 

of the 3D torso skin position to an initial standing posture. Each 

of the tested locations on the torso corresponded to a potential 

on-body slot antenna location and was represented by a 

retro-reflective marker attached to the skin of the participant.  

Three-dimensional positioning data for each of the 

retro-reflective markers were obtained using an OptiTrack® 

(www.optitrack.com) motion capture system with passive 

markers detection using infrared optical sensing. Twelve Flex 3 

cameras with a resolution of 640 x 480, 4.5 mm lenses and field 

of view of 46.2° (horizontal) and 34.7° (vertical) were placed 

along the perimeter of a 2.6 m × 4.8 m × 2.6 m (length × width 

× height) capture space. A maximum position error of 0.422 

mm was achieved after camera calibration in accordance with 

manufacturer's specification. The motion capture system 

provides continuous 3D tracking of the retro-reflective markers 

in the coordinate system of the capture space. The sampling rate 

of the system was 100 frames per second and the participant 

was instructed to hold each posture for several seconds. The 

retro-reflective markers representing the slot antenna locations 

were placed in the abdominal region on the front and the back 

of the torso, to obtain measurements along the complete 

circumference. Two additional markers were used, one on the 

hand and one on the head of the participant. These markers were 

not included in the analysis of the skin and soft tissues 

displacement. The marker on the head served to establish the 

orientation of the body within the global coordinate system and 

confirm the posture change for the following data analysis. The 

hand marker was used to detect when the participants arm 

position changed within the analysis of a given body posture.  

The optical motion capture system setup is represented in 

Fig. 2, with the participant in the center of the capture space. 

The red crosses show the location of the additional markers on 

the head and the hand of the participant. The systems software 

enabled labeling of the markers accordingly to record 

individual datasets.  

Fig. 2. 3D Representation of the 12-camera setup for the OptiTrack motion 

capture system used in the study for data acquisition.  

A total of 18 retro-reflective markers were placed on the torso 

of the participant. The locations from 1 to 14 in the abdominal 

region were distributed along the complete circumference of the 

torso (Fig. 3, blue). For the anterior sites, the margins of the rib 

cage were defined first, to avoid bony structures, as well as L3 

to L5 spinous processes on the posterior site.   

Another four reference reflector locations corresponded to the 

anatomical landmarks near bone (Fig. 3, red), including the 

sternum (15), pelvis (hip bones 16, 17) and sacrum (18) which 

show minimal variation during the postural change.  The 

markers numbered from 1 to 10 form the circumference of torso 

or the waist girth. Their positioning data was acquired 

continuously, as they were visible to the cameras for every 

posture, hence they were used for the skin position 

displacement estimation. 

The following four postures were tested: 

• Standing posture (Fig. 4a), which was used as the initial

position and the displacement of the markers were compared to 

Fig. 3. Representation of the locations of the markers on the skin in the 

abdominal region. The red dots indicate the locations of reference markers 

positioned close to bone. The blue markers are positions of interest in GI tract 

pill tracking and are located on soft tissue regions (slot antenna locations). 
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• Seated posture (Fig. 4b),

• Squatting posture (Fig. 4c);

• Supine position (or Lying posture in Fig. 4d), where the

participant was lying on a horizontal table on their back and on 
their front correspondingly, to determine the waist girth skin 

position measurements of the torso.  

Previous research shows that arms position can significantly 

influence the magnitude of the waist girth [52], therefore this 

intervention was included for the upright postures (Standing 

and Seated) as it is demonstrated in Fig. 4(a, b). Within the 

continuous positioning datasets, the given intervention was 

identified based on the sudden change of the additional on-hand 

marker position.  

B. Antenna Performance and Surface Electric Field

Estimation

The reliability of the cavity backed slot antenna suggested for 

real case WCE applications was tested in a previous study 

amongst several participants with various BMIs [16]. It was 

suggested as an excellent option for the RSSI-based localization 

methods. The antenna bandwidth is sufficient to accommodate 

the possible changes amongst the tested locations in the 

abdominal region, and to minimize the effect on the field 

strength measurements.  

However, each individual has a different constitution and 

thickness of the skin/fat/muscle layers that could cause a shift 

in the resonant frequency. Within the current study, we 

performed reflection coefficient (S11) measurements to validate 

the slot antenna performance for the participant at 2.45 GHz. 

The tested antenna locations were congruent with the previous 

study, although expanded symmetrically to cover the complete 

waist circumference. This allowed making a more 

comprehensive judgement on the abdominal region soft tissues 

movement. The performance of the slot antenna was tested 

using a vector network analyzer (N9923A Field Fox Handheld 

RF VNA 6 GHz, Keysight Technologies ®, 

www.keysight.com) and the acquired S11 values are represented 

in Fig. 5 for both antenna polarizations. The mean S11 values 

were -7.98 dB (Standard deviation 1.62 dB) for the horizontal 

orientation of the antenna slot (along transverse anatomical 

plane); and -7.01 dB (standard deviation 1.48 dB) for the 

vertical orientation of the antenna slot (along sagittal 

anatomical plane). It is evident that for all suggested locations 

in the abdominal region of the participant the S11 values were 

lower than -4 dB, which means there is no significant influence 

on the field strength measurements caused by antenna 

performance. The change in the propagation path is the main 

characteristic influencing the RSSI.  

In general, to predict RSS values, a PL propagation model is 

required. In a previous work published by the authors [53], the 

electric field E attenuation PL model was validated for 

microwave propagation through the lossy medium of the human 

body: 

𝐸~
𝑒−𝛼𝑅

𝑅
𝑠𝑖𝑛 𝛳𝑑, (1) 

where R is path length; 𝛳𝑑 is the angle between the dipole

source and the surface location and 𝛼 is the attenuation 
coefficient. It was validated for the lossy media representing 

human abdominal region organs with electromagnetic 

properties at 2.45 GHz (σ = 2.04 S/m; εr = 53.88, α = 51 Np/m). 

Since there was no ingested transmitter included in the current 

study and no real RSSI measurements taken, the PL model was 

used to evaluate the signal loss with respect to the potential 

elongation of the propagation path length R due to postural 

change. 

The field strength attenuates logarithmically with distance, 

and shorter distances between the transmitter and receivers 

demonstrate higher losses. If transmitter is located closer to the 
skin surface, the sudden increase in the propagation path will 

have a larger effect than when the transmitter is located in deep 

layers of the GI system. In order to make realistic assumptions 

of the significance of the RSS variation, we considered the 

initial propagation path length between an ingested capsule and 

the skin surface prior to the postural change.  

Fig. 4. Four body postures with retro-reflective markers on the torso representing 

daily activity recorded using the OptiTrack Motion Capture System. 

Fig. 5. S11 measurements at f = 2.45 GHz of the slot antenna placed on the torso 

skin surface at the positions corresponding to the marker locations for the 

motion capture analysis (blue markers in Fig.3). Note that the orientation of the 

linearly polarised antenna is included as blue dots (horizontal polarization) and 

orange dots (vertical polarization). 
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The abdominal wall thickness of the participant was 

evaluated in order to estimate the minimum possible distance 

𝑅𝑚𝑖𝑛  between the transmitter and the receiver on the skin

surface. Ultrasound scanning results previously performed on 
the participant [16], were reassessed in the current study to 

estimate the thickness of the abdominal wall. The ultrasound 

imaging system (GE LOGIQe ultrasound unit—General 

Electric Healthcare ®, www.gehealthcare.com) was used with 

a 5 MHz convex array transducer The imaging results show an 

average skin thickness of 3.00 mm; average fat thickness of 

15.50 mm; and the muscle thickness of 20.00 mm (Fig. 6). 

Overall, the distance from the skin to the peritoneum is assumed 

as 38.50 mm. The peritoneum thickness should be no more than 

1 mm in a healthy human, and we assume that the gut wall 

thickness was 5 mm, as well as the average thickness of the 

omentum of 15 mm. Therefore, the minimum distance between 
the surface skin of the torso and the gut (wireless capsule 

location) 𝑅𝑚𝑖𝑛  is approximately 60 mm for the participant for

the direct propagation path. In terms of the path loss model, this 

will correspond to the steepest slope or the largest field strength 

variation for this particular person.  

Consequently, with an increase of the initial distance, an 

additional change of the propagation path will cause smaller 

variations of the received signal strength values. The maximum 

possible distance 𝑅𝑚𝑎𝑥 between the transmitter and the receiver

for the participant was considered. The ultrasound scan is depth 

limited, hence the 𝑅𝑚𝑎𝑥   that suggested in IV.Results and

Discussion Section.C was based on both anthropometric data 

gathered in the study and basic human anatomy.  

The 3-D positioning data for all markers for each body 

posture were used to estimate skin and soft tissues displacement 

using numerical calculations in MATLAB® 

(www.mathworks.com). The maximum total displacement of 

the markers can be viewed as the maximum change of the 

propagation path 𝛥𝑅 and included in the PL calculations.  

C. Data Evaluation and Processing

All retro-reflective markers were fixed on the skin of the 

participant, and their position relative to the skin remained 

stable during postural changes. Hence, we considered the skin 

position and the markers position as identical, and any deviation 

from their initial state was influenced by the deformation and 

displacement of the soft tissues inside the abdominal cavity. 

The motion capture system records position data of the 

markers as a continuous time sequence of their Cartesian 

coordinate values (X, Y, Z components), while the participant 

moves within the capture space. For every posture, including 

interventions within one posture (Hands Down to Hands Up for 

the Seated and Standing postures), the position of each of the 

reflectors in 3D space was determined.  

Since the interest of this study was in the positioning 

information of the skin, and not in the movement of the person 

inside the capture space, the data for all of the postures were 

aligned in accordance to a reference point defined by the rigid 

structures of the participant’s body. The position of the centroid 

point estimated between anatomical landmarks on the torso was 

used as this reference point having the same coordinates 

independently of the posture. It was calculated for the initial 

“Standing Hands Down” posture first, and all other postures 

datasets were projected onto the same coordinate system using 

mathematical transformations. This allowed a quantitative 

assessment of the soft tissue deformations by calculating total 

displacement of each of the markers in relation to the stable 

reference centroid point.  

The following equation was used to calculate the centroid 

point coordinates:  

�̅�0 =
1

𝑛
 ∑ 𝑎0,𝑖

𝑛
𝑖=1 , (2) 

where 𝑎0,𝑖  is the vector containing coordinate values (𝑎0 =

[𝑥0, 𝑦0, 𝑧0]) of the reference markers corresponding to the

anatomical landmarks for the initial body posture; n is the 

number of the reference points used for finding the centroid 

between them. The sternum and pelvis reference markers 

(markers 15 to 17 Fig. 3) were used as anatomical landmarks 

representation, as these had continuous data across all 

measurements for all postures (n = 3). 

Several computational steps were undertaken to define the 

rotation and translation parameters for each posture (or 

interventions within one): 

1) Determine the centroid coordinate values �̅�𝑚   for a new set

of data:

 �̅�𝑚 =
1

𝑛
 ∑ 𝑏𝑚,𝑛

𝑛
𝑖=1 , (3) 

where 𝑏𝑚  is the vector containing coordinate values

(𝑏𝑚 = [𝑥𝑚 , 𝑦𝑚 , 𝑧𝑚,]) of the reference markers

corresponding to any other changed body posture; m in 

this case represents the number of the datasets for each of 

the changed body postures (m = 6: Standing. Hands Up; 

Seated Hands Down; Seated Hands Up; Squatting; Lying 

Face Up; Lying Face Down); n is the number of reference 

markers used in the calculation of the centroid point, the 

same as for the initial position. 

The position of the new centroid for each body posture was 

aligned to the reference centroid �̅�0 and the coordinates of

all the markers were transformed and projected onto the 

one global coordinate system. 

2) The translation vector can be found by subtracting the

Fig. 6. Transverse ultrasound image of the anterior abdominal wall (each arrow 

indicates the individual layer of the wall).  

http://www.mathworks.com/
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initial posture centroid position from the centroid position 

of each of the changed body posture: 

 𝑡𝑚   =  �̅�𝑚 − �̅�0. (4) 

This was further used to modify the complete datasets 

representing coordinate values of the slot antenna positions 

markers for each of the changed body postures: 

[𝑥_𝑠𝑒𝑛𝑠𝑜𝑟𝑠𝑚
′ , 𝑦_𝑠𝑒𝑛𝑠𝑜𝑟𝑠𝑚

′ , 𝑧_𝑠𝑒𝑛𝑠𝑜𝑟𝑠𝑚
′ ] =

[𝑥_𝑠𝑒𝑛𝑠𝑜𝑟𝑠𝑚 , 𝑦_𝑠𝑒𝑛𝑠𝑜𝑟𝑠𝑚 , 𝑧_𝑠𝑒𝑛𝑠𝑜𝑟𝑠𝑚 ]  − 𝑡𝑚 , (5) 

where x_sensors, y_sensors, z_sensors are datasets of the 

coordinate values of the markers for a changed body 

posture (given by m) before and after transformations 

correspondingly.  

3) For the body postures, where the simple translation was not

sufficient due to the anatomical planes of the subject being

no longer collinear with the global coordinate system axes,

rotation of the local coordinate system was used. A rotation

matrix RT in this case was calculated by using Singular

Value Decomposition [54]:

𝐻 = (𝑏𝑚 −  �̅�𝑚)(𝑎0 −  �̅�0)𝑇 (6) 

 [𝑈, 𝑆, 𝑉] = 𝑆𝑉𝐷(𝐻) (7) 

 𝑅𝑇 = 𝑉𝑈𝑇, (8) 

where H is the input values matrix, U and V are right and left 

singular vectors, and S is singular values. 

After the reference markers and the centroid positions were 

aligned, the new locations for all the slot antenna markers along 

the circumference of the torso were calculated to find the 

displacement 𝛥𝑅. The total displacement was calculated using 

transformed 3D coordinates of each sensor in comparison to its 

initial state. To visualize the contour along the waist 

circumference, a smooth curve was fitted between these 

markers. Each circumference line had 10 points (markers 

from 1 to 10, Fig. 3), and the interpolation was made by using 

the built-in spline function in MATLAB®.  

IV. RESULTS AND DISCUSSION

A. Influence of the Arms Position for Standing and Seated

Postures

The coordinate values were processed and the influence of 

the arms position on the distance between each of the markers 

to the centroid point was determined. This enabled the 

displacement estimation. The comparison was made for the 

Standing and Seated postures between Hand Up and Hands 

Down.  

Fig. 7(a) represents the position of the markers in 3D before 

and after the participant had raised their hands and the 

interpolated lines of the circumference at that moment. Fig. 7(b) 

demonstrates that the arms position change for the Standing 

posture did not have a significant effect on the overall 

displacement of the markers along the waist girth. (p-values: 

0.928 for x; 0.996 for y; 0.188 for z). 

The same comparison analysis was performed for the Seated 

posture (Fig. 8). The arms position change for the Seated 

posture did not have a significant effect on the overall 

displacement of the markers along the waist girth. (p-values: 

0.968 for x; 0.972 for y; 0.652 for z). 

Fig. 7. (a) Interpolated waist girth lines for the Standing Posture showing the 

antenna position markers and the reference markers. Hands Down – Red; Hands 

Up – Blue; ο – reference markers for Standing Posture Hands Down, and the 

centroid position; * - centroid position for Standing Posture Hands Up aligned 

with the global coordinate system. (b) Mean displacement for all sensor 

positions (mm) when the participant changed arms position: Standing Hands 

Down to Standing Hands Up. Direction of the x-axis is along anterior-posterior 

plane, y-axis is along medial-lateral and z-axis is along superior-inferior planes. 

(b) 

(a) 
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B. Total Displacement for Each Posture

The skin position change for each posture was evaluated 

using positioning data for the retro-reflective markers along the 

waist girth of the participant. The comparison of the 

corresponding circumference lines in 3D for all the postures is 

demonstrated in Fig. 9 and Fig. 10. 

The quantitative positional difference was determined to 

demonstrate the skin displacement and corresponding organs 

and soft tissues movement. It was calculated as the magnitude 

of the difference between the distances to the reference centroid 

point for each slot antenna markers in comparison to such 

distance for the initial posture. It is shown in Fig. 9 for all 10 

markers (which formed the circumference lines), and each 

given body posture. 

The largest skin position displacement from the Standing 

posture occurred for the Seated and Lying (the supine position) 

postures, which is also evident in the 3D representation graphs 

(Fig. 9 and Fig. 10). Fig. 11 demonstrates the largest 

displacement of the locations 4 and 7 for the Lying posture, 

(+24 mm and -23 mm respectively). This is congruent to the 

results reported in [11], with the largest displacement of the 

abdominal cavity in the horizontal plane. The participant in 

their studies had smaller BMI of 24 kg/m2, which can explain 

slightly smaller skin displacement. 

The mean displacement values for each coordinate 

component across all 10 locations was estimated and is shown 

in Fig 12 for each posture of the participant compared to 

Standing, Hands Down.  

Fig.9 Representation of the circumference torso lines for all four postures in 

3D; * – centroid position,   – anatomical landmarks positions. 

Fig.10 Displacement of the interpolated circumference lines (m) compared to 

the Standing posture Hands Down: (a) X-Y plane; (b) X-Z plane; (c) Y-Z plane. 

Fig. 8. (a) Interpolated waist girth lines for Seated Posture, Hands Down and 

Hands Up, showing the antenna position markers and reference markers. Hands 

Down – Blue; Hands Up –Brown; ο – reference markers for Seated Posture 

Hands Down, and the centroid position aligned with the global coordinate 

system; * - centroid position for Seated Posture Hands Up aligned with the 

global coordinate system. (b) Mean displacement along all the sensors (mm) 

when the participant changed the position from Seated Hands Down to Seated 

Hands Up. Direction of the x-axis is along anterior-posterior plane, y-axis is 

along medial-lateral and z-axis is along superior-inferior planes. 

a) 

b) 
(a) 

(b) (c) 
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C. Analysis of the Surface Electric Field Variations

The PL model given in Section III.B was used to estimate the 

field strength values variations in decibels for the predicted 

maximum soft tissues displacement 𝛥𝑅 of 24 mm (Fig. 9). 

In that case, the estimated minimum initial distance between 

the possible location of the ingested transmitter and the on-body 

sensors will change from 60 mm to 84 mm (𝑅′𝑚𝑖𝑛 = 𝑅𝑚𝑖𝑛 +
𝛥𝑅). In order to assess the signal variation caused by posture 
change when the ingested capsule is located at further distances 

from the on-body receivers, we assumed the 200 mm distance 

as the maximum direct propagation length judging by the cross-

sections of the torso acquired within the study. It is 

approximately 60% of the anterior cross section given in Fig. 8a 

along the x-axis, which corresponds to the anatomical location 

of the GI tract. Therefore, the variation for the maximum 

distance between the skin surface and an ingested transmitter is 

from 200 mm to 224 mm (𝑅′𝑚𝑎𝑥 = 𝑅𝑚𝑎𝑥 + 𝛥𝑅).

The relation between the path loss in decibels and the 

propogation distance in millimeters is given in Fig. 13. It is 
estimated that the maximum change in the received signal due 

to the movement of the soft tissues and organs in the abdominal 

cavity is 13.77 dB, and for the maximum initial distance 

between the transmitter and the on-body receiver, the value is 

11.60 dB. 

Fig. 13. The relative surface electric field E as a function of the distance or 

propagation path length to the skin surface from the ingested transmitter (the 

slope of -0.69 dB/m):  – minimum distance of 60 mm, E = -62.66 dB ; 

 – minimum distance plus maximum soft tissues in abdominal cavity

displacement – 84 mm, E = - 76.43 dB;  – maximum distance of 200 mm, E 

= -134.60 dB ;  – maximum distance plus maximum soft tissues in abdominal 

cavity displacement of 224 mm, E = -146.20 dB. 

V. CONCLUSION

Optical motion capture was used to quantify the change in a 

patient’s torso skin position relative to a calculated centroid 

position for several postures likely to occur during normal 

living activities. The retro-reflective markers represented the 

slot antenna locations on the skin surface and their mean 

displacement compared to the initial standing posture was: 

Seated: x = 1.07 mm, y = 3.10 mm, z = 12.96 mm; Squatting: 

x = 7.19 mm, y = -1.01 mm, z = 9.68 mm; Lying: x = 10.85 mm, 

y = -3.50 mm, z = -13.79 mm. The change of the arm positions 

for standing and seated postures did not cause a significant 

displacement of the on-body markers.  

As the total displacement of the markers (caused by soft 

tissues and organ movement) was as large as 24 mm, an 

estimate of the corresponding surface field strength change was 

as large as 13.77 dB. If such sudden variations caused by 

postural changes are not accounted for in the post-processing of 

RSSI, it could lead to poor predictions of the WCE location in 

real case applications when a wearable receiving system 

monitoring GI radio signals are worn over a 10-73 hour period 

[55]. For precise radio pill location based on the received signal 

strength, either the patient must assume a constant posture, or 

the change must also be monitored. This information can be 

further incorporated at the post-processing capsule tracking 

step. Implementing solutions using a wearable inertial sensors 

can be considered for monitoring purposes [56].  

The error of 24 mm acquired during the study, is likely to be 

exacerbated should the measurements be conducted on persons 

with much larger BMIs. A broader population group should be 

Fig. 11. Total displacement of the retro-reflective markers along the waist girth 

for each antenna location.  

Fig. 12. The mean displacement (mm) for all the 10 sensors locations along 

circumference for each of the 4 tested postures: (a) Seated; (b) Squatting; 

(c) Supine (Lying posture).
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recruited for further statistical analysis. 
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